Background-Disruption of the elastic lamina, as an early indicator of aneurysm formation, and vascular calcification frequently occur together in atherosclerotic lesions of humans. Methods and Results-We now report evidence of shared genetic basis for disruption of the elastic lamina (medial disruption) and medial calcification in an F 2 mouse intercross between C57BL/6J and C3H/HeJ on a hyperlipidemic apolipoprotein E (ApoE Ϫ/Ϫ ) null background. We identified 3 quantitative trait loci (QTLs) on chromosomes 6, 13, and 18, which are common to both traits, and 2 additional QTLs for medial calcification on chromosomes 3 and 7. Medial disruption, including severe disruptions leading to aneurysm formation, and medial calcification were highly correlated and occurred concomitantly in the cross. The chromosome 18 locus showed a striking male sex-specificity for both traits. To identify candidate genes, we integrated data from microarray analysis, genetic segregation, and clinical traits. The chromosome 7 locus contains the Abcc6 gene, known to mediate myocardial calcification. Using transgenic complementation, we show that Abcc6 also contributes to aortic medial calcification. Conclusions-Our data indicate that calcification, though possibly contributory, does not always lead to medial disruption and that in addition to aneurysm formation, medial disruption may be the precursor to calcification. (Circ Cardiovasc Genet. 2009;2:573-582.)
V ascular medial calcification and disruption of the elastic lamina (medial disruption) are complications of cardiovascular disease, the leading cause of death in Western societies. Thoracic aneurysms, which are a consequence of severe medial disruption, affect Ϸ15 000 people in the United States each year, and ruptured aneurysms result in Ͼ50% mortality for patients who are hospitalized. 1 Medial calcification leads to hypertension, cardiac hypertrophy, and heart failure. 2 Both pathological conditions originate in the media lamina of arteries, involving smooth muscles cells and the destruction of elastin. Not surprisingly, 2 Mendelian human connective tissue disorders that cause death by cardiovascular disease, Pseudoxanthoma elasticum and Marfan syndrome, are characterized by medial calcification and elastic fiber fragmentation, respectively. Furthermore, in the mouse model for Marfan syndrome, which is used as a model for aneurysms, medial calcification was the first pathological sign routinely observed. 3 
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Although some loci and genes have been identified as causal for aneurysms and calcification, the biological pathways have not been fully elucidated. Aneurysms often occur in close proximity to atherosclerotic plaques, and substantial evidence indicates that matrix metallopeptidases contribute to the erosion of collagen, elastin, and media. 4 -6 Because ectopic deposition of calcium in tissues is a common response to tissue injury and is often found in both the intimal and medial layers of the aortic wall, it is not known whether medial calcification is a repair response in damaged connective tissue or the initiating event leading to further medial destruction. It is clear that calcification is not a passive process but involves the expression of growth factors, matrix proteins, and bone-related proteins. 7, 8 In this study, we integrate classical and systems approaches to gene mapping in an attempt to unravel the tangle of genes that are involved in medial disruption and medial calcification. The foundation for the study is a classical F 2 mouse cross using 2 inbred strains of mice, C3H/HeJ (C3H), and C57BL/6 (B6), as the breeders for the F 1 generation. One advantage of the F 2 mouse cross is that the founder inbred strains are homogeneous, which eliminates the problem of minor allele frequency that can be an issue in human genetic studies. Both strains in this study are null for the ApoE gene and are therefore more susceptible to vascular diseases. Importantly, they differ in their susceptibility to medial disruption and medial calcification (C3H is more susceptible), as well as atherosclerosis (B6 is more susceptible). The known genetic differences between these 2 strains made it possible to map clinical quantitative trait loci (cQTLs) that are causal for the complex traits of medial disruption and medial calcification.
A novel aspect of the study is the incorporation of the mRNA expression differences into the methods for further resolving chromosomal DNA loci containing Ͼ200 genes. The mRNA expression in 4 tissues, adipose, brain, muscle, and liver, was assayed using a microarray chip with probes for Ͼ23 000 genes to map expression QTL (eQTLs). Expression differences were used in several ways. First, we asked whether there was a correlation between the expression of a gene and the prevalence of a trait. Genes whose expression correlated with the traits, especially those in multiple tissues, were important to consider. Second, we asked whether differentially expressed genes correlated with the traits and resided under a cQTL peak. Genes that met the second condition were considered the strongest causal candidates for that trait. Finally, we also considered that if medial calcification and medial disruption involved the same or interacting pathways, then those differentially expressed genes that correlated with both traits, and were located within the cQTL regions for both traits, might be important to consider as causal for both.
We validate 1 gene for medial calcification, Abcc6, using transgenic complementation. Our results clearly show that common genetic factors underlie medial calcification and aneurysm development, and they suggest that although medial disruption and calcification may proceed in parallel, medial disruption does not always occur as a result of vascular calcification.
Methods

Mice and Diets
C57BL/6J
Apoe Ϫ/Ϫ (B6.Apoe Ϫ/Ϫ ) mice were purchased from the Jackson Laboratory (Bar Harbor, Me), and C3H/HeJ Apoe Ϫ/Ϫ (C3H.Apoe Ϫ/Ϫ ) mice were bred by backcrossing B6.Apoe Ϫ/Ϫ to C3H/HeJ for 10 generations, as previously described. 9 All mice were fed ad libitum and maintained on a 12-hour light/dark cycle. F 2 mice were generated by crossing B6.Apoe Ϫ/Ϫ with C3H.Apoe Ϫ/Ϫ and subsequently intercrossing F 1 mice. The mice were fed Purina Chow (Ralston-Purina Co) containing 4% fat until 8 weeks of age, and then transferred to a Western diet (Teklad 88137, Harlan Teklad) containing 42% fat and 0.15% cholesterol for 16 weeks until euthanization at 24 weeks of age. Mice were fasted for 4 hours and anesthetized through exposure to isoflurane before blood was collected through the retro-orbital sinus. Plasmas were stored at Ϫ80°C.
Histological Analyses, Lipid Measurements, and Quantification of Atherosclerosis Risk Factors in F 2 and Abcc6 Transgenic Mice
The aortae were sectioned and lesions were quantified, as previously described. 10 After the mice were euthanized, the heart and proximal aorta were excised and washed in PBS. The apex and lower half of the ventricles were cut off. The remaining specimen was embedded in Tissue-Tek (Miles), frozen on dry ice, and stored at Ϫ80°C until sectioning. Serial cryosections were prepared through the ventricle until the aortic valves appeared. From then on, every fifth 10-m section was collected on poly-D-lysine-coated slides until the aortic sinus was completely sectioned. Sections were stained with fast green for elastin, hematoxylin for nuclei, and calcification, and with oil red O for lipids. Although not optimized for medial disruption detection, fast green reliably detected the irregularities in the orientation and absence of the elastin fibers that appear at the formation and later stages of aneurysm development (Supplemental Figure I ) and made it possible to score lesions, calcification, and medial disruption on the same slide. Slides were examined by light microscopy. The average fatty streak lesion area was quantified throughout the aortic sinus using an ocular with an m 2 grid and was normalized to 40 sections. Vascular calcification in the medial layer was scored semiquantitatively by counting the number of sections displaying calcified lesions. 11 We looked for but did not find abnormalities of the aortic valves.
Medial disruption of the aortic wall was scored semiquantitatively in a manner that incorporated disruption size and number ( Figure 1 ). Each disruption was scored on a scale of 0 to 6 (see below); this score was multiplied by the number of sequential sections in which it was present. Multiple disruptions were scored first, and those scores were added for a total animal score. Criteria for medial disruption scores were 0, no disruption; 1, media partially eroded ( Figure 1A) ; 2, aortic wall completely disrupted with the width of medial disruption Ͻ100 m ( Figure 1B) ; 3, as 2 except width Ͼ100 m ( Figure 1C) ; 4, medial disruption width Ͻ100 m, with 
Linkage and Data Analysis
In this study, the marker density was Ϸ1 marker (ParAllele) 12 per 1.5 centimorgans (1347 total markers), which is adequate for resolving the recombination breakpoints in the F 2 generation animals. The 2 generations of meiosis result in substantial linkage disequilibrium, which is one advantage of inbred mouse crosses for resolving the genes involved in complex traits. The map was created according to Celera and NCBI public databases. Phenotypic traits were transformed as needed to normalize the residuals. This involved taking the square root of the trait values, and outliers (Ͼ3 SD) were omitted. Approximately 31% of animals did not develop medial elastin disruption, and 46% did not develop medial calcification (Supplemental Figure IIA) . Therefore, because of the skew of the distribution, we used the Kruskal-Wallis test to identify loci significantly segregating with those traits. We tested 2 models, 1 with sex as a covariate (traitϭgenotypeϩsex) and 1 with sex as an interactive covariate (traitϭgenotypeϩsexϩgenotypeϫsex). We did not observe "batch effects" or other environmental covariates.
We performed 1000 permutations of the results to determine the P value thresholds that corresponded with a genome-wide significance of P value of Ͻ0.05. This was performed on the phenotypes and gene expression levels and is the accepted approach to account for the multiple testing of many markers for association to each trait. Calculations were performed on the R statistical platform.
To assess whether Aasm1, 2, and 3 were pleiotropic with Mcal1, 2, and 3, respectively, we implemented a variant of the causality test based on conditional correlation, 13 where the conditional independency argument supports that the traits are related in a causal or reactive way. At the peak markers for each pair of overlapping QTLs, we conditioned the medial disruption trait value on the medial calcification trait value and computed the P values of the residuals. The same procedure was implemented on the residuals of the medial calcification trait conditioned on the medial disruption trait. If the P values were still significant after the conditioning, then the peaks are likely independent or distinct. However, if the P values were no longer significant after the conditioning procedure, the causes of the 2 traits are attributed to the same locus.
For other statistical analyses, nonparametric procedures (Spearman correlation, Kruskal-Wallis test, or Mann-Whitney test) were used, unless otherwise indicated.
Global Gene Transcript Studies
RNA was isolated from the livers (nϭ311), gonadal fat pads (nϭ295), brains (nϭ249), and skeletal muscles (nϭ319) of F 2 mice using the Trizol method. Microarray analysis was performed on the RNA, as previously described. 14 Although 332 tissues were used to extract RNA, in some cases, the sample preparation failed, in other cases, the RNA quality was not good enough, and finally, some of the microarrays did not produce high-quality results and were therefore removed from the analysis. Briefly, 60-mer oligonucleotide chips were used (Agilent Technologies), and all hybridizations were done in duplicate with fluor reversal. Each individual sample was hybridized against the pool of F 2 samples. Expression data can be obtained from Geo databases for liver (GSE2814), adipose tissue (GSE3086), brain (GSE3087), and skeletal muscle (GSE3088). Significantly differentially expressed genes were determined, as previously described. 15 Expression data in the form of mean log ratios were treated as a quantitative trait in eQTL analysis, when taking genotype-sex interactions into account as described earlier.
Gene Expression-Clinical Trait Correlation and Trait-Trait Correlations
Correlations between gene expression, measured as mean log ratios, and each quantitative trait were calculated using Spearman correlation and adjusted for sex.
Transgenic Studies
Abcc6 transgenic mice were produced by DNA microinjection using F 2 (BxH) fertilized eggs. 16 Transgenic founder mice were backcrossed to the C3H/HeJ strain, and their progeny were selected for animals containing the Abcc6 transgene. The transgene positive progeny were crossed to C3H/HeJ Apoe Ϫ/Ϫ mice to yield C3H/HeJ Apoe Ϫ/Ϫ Abcc6 tgϩ and C3H/HeJ Apoe Ϫ/Ϫ Abcc6 wt controls. On weaning, transgenic and control mice were fed Purina Chow containing 4% fat. The experimental mice were placed on the Western diet (D12451; Research Diets Inc) containing 45% kcal fat, 35% kcal carbohydrate, and 20% kcal protein for 8 weeks beginning at 15 weeks of age, or for 18 weeks beginning at 8 weeks of age. All mice were euthanized between 23 and 26 weeks of age.
Alox5 Ϫ/Ϫ mice were generated, as previously described. 10 This experiment included both male and female C57BL/6 ApoE
Alox5
Ϫ/Ϫ , Alox ϩ/Ϫ , and Alox5 ϩ/ϩ mice. The mice were fed chow for 10 weeks followed by 8 weeks on an atherogenic cholic acid diet. The experiment examined the incidence of aortic root medial 
Results
The parental strains for our F 2 cross, C3H/HeJ (C3H), and C57BL/6J (B6) mice on the hyperlipidemic Apoe Ϫ/Ϫ background, were chosen based on their divergent phenotypes for cardiovascular disease traits, including aortic medial disruption and medial calcification. B6.Apoe Ϫ/Ϫ mice fed a high fat "Western" diet for 16 weeks did not exhibit any medial disruption or medial calcification but had extensive aortic lesions. C3H.Apoe Ϫ/Ϫ , in contrast, developed medial disruption and medial calcification but had smaller aortic atherosclerotic lesions (Table 1) . Among 332 similarly treated B6xC3H Apoe Ϫ/Ϫ F2 mice, 70% showed evidence of medial disruption. The range for severity began with medial erosion, which is a precursor to aneurysms and proceeded to advanced aneurysms at risk for dissection. Fifty-six percent of all animals developed medial calcification. In 1% of the 332 animals, medial calcification without medial disruption was found, and in 15%, medial disruption without calcification was found. For 54% of animals, both traits were present, and in 30%, neither trait was present.
Medial disruption was significantly correlated with medial calcification (PϽ0.0001; Figure 2 ) and extent of aortic lesions (Pϭ0.0002). Medial calcification had a borderline significant correlation with aortic atherosclerotic lesions (Pϭ0.06). Significant sex differences among F 2 mice were found as previously reported 17 for extent of aortic atherosclerotic lesions (PϽ0.0001; data not shown) and for severity of medial calcification (PϽ0.01), but not for either the occurrence or the severity of medial disruption (Table 1) .
QTLs for Aneurysms Colocalize With Those for Medial Calcification but not Atherosclerosis
We identified 3 cQTLs for aortic medial disruption, designated Aasm1, 2, and 3, on chromosomes 6, 13, and 18, respectively, and 5 cQTLs for medial calcification, designated Mcal1-5, located on chromosomes 6, 13, 18, 7, and 3, respectively ( Figures 3 and 4 and Table 2 ). All 3 cQTLs for medial disruption (Aasm1-3) overlapped with Mcal1-3, on chromosomes 6, 13, and 18 and were distinct from the cQTLs for aortic atherosclerotic lesions reported previously. 17 The chromosome 18 peaks were strikingly male specific for both traits ( Figures 3B and 4B) .
The term pleiotropy is commonly used to describe the situation in which a single gene causes multiple phenotypes, such as occurs in Marfan syndrome. A test for pleiotropy is often used in animal QTL studies measuring multiple phenotypes, with overlapping QTLs. In this study, we applied the pleiotropic effects test to assess whether overlapping cQTLs for disruption of the media and medial calcification would exist independently, in the absence of the other trait. Specifically, we asked whether the coinciding linkages were attributable to the same loci at each cQTL for the traits by applying a variation of the causality test (see Methods). This statistical procedure tests whether or not 2 QTLs detected for 2 traits were supported as a single QTL with pleiotropic effects on 2 traits, or as 2 closely linked QTLs independently driving 2 traits. The application of the test supported that there was a single QTL driving both traits for each of the 3 overlapping loci. We also observed that the chromosome 6 peaks were broad, spanning 34.5 to 133.7 Mb, and could not be resolved 18, 19 This region exhibits no recombination (Supplemental Figure IIB) , and therefore it is not possible to distinguish the peak markers for the chromosome 6 Aasm1 cQTL.
Parental Allele Effects Similar for Both Traits
At each of the 3 overlapping loci, the parental allele effects were similar for both medial disruption and medial calcification. The B6 alleles were associated with lower scores for both medial disruption and medial calcification at Aasm1 and Mcal1, and higher scores at Aasm and Mcal 2 and 3. Neither Mcal5 nor Mcal4 cQTLs showed significant linkage with medial disruption; however, they did show concordance of local allele effects on medial disruption. The significance levels were Pϭ0.002 for Mcal5 and Pϭ0.005 for Mcal4, with the B6 alleles associated with lower aneurysm and medial calcification scores. These data suggested that loci having a predominant effect on calcification also subtly influenced medial disruption.
For additional evidence of this association, we examined the effect of the Mcal4 genotype on medial disruption at Aasn1-3 cQTLs. We found that the Mcal4 genotype influenced allele effects at Aasm1-3 ( Figure 5 ). For example, medial disruption scores for all mice were significantly different when comparing the Aasm1 genotypes ( Figure 5A ). However, for the subset of mice that were homozygous C3H at Mcal4 (Figure 5C ), the segregation of medial disruption scores by Aasm1 was not significant (Pϭ0.15). The segregation was significant, however, in the subset of mice that were homozygous B6 at Mcal4 (Pϭ0.02; Figure 5B ). The allele effects at Aasm2 (Figure 5D through 5F) and Aasm3 ( Figure  5G through 5I) were comparably attenuated among mice homozygous for the B6 allele at Mcal4 (Pϭ0.62 and Pϭ0.33, respectively) but were significantly different among those homozygous for the C3H allele (Pϭ0.02 and Pϭ0.01, respectively). Conversely, when examining the effect of the Mcal4 genotype on medial calcification scores, we found the C3H allele had an attenuating effect on Mcal2 and Mcal3. Power to detect differences is significantly reduced in subgroup analyses, but the consistent trends suggest interaction between medial calcification and medial disruption.
Identification of Positional Candidate Genes Using Systems Genetics
To identify candidate genes for medial calcification and medial disruption, we used a systems genetics approach as previously described, 17, 20 applying analysis of genome-wide expression data in a segregating population. Using microarrays, transcript levels were quantified for F 2 mice in 4 tissues: liver, gonadal fat pad, skeletal muscle, and whole brain. 20 We first identified genes whose expression correlated with the traits in each tissue using Spearman correlation, with a false discovery rate of 5%, as determined by the Q-value method. 21 We found 24 genes in liver, 2 genes in adipose, 11 genes in skeletal muscle, and 6 genes in the brain whose expression significantly correlated with medial disruption (Supplemental Table IA ). Genes whose expression correlated with medial calcification included 72 for the liver, 0 for adipose, 51 for skeletal muscle, and 9 for brain (Supplemental Table IB) .
We also identified candidate genes by narrowing the list to those with significant eQTLs within the cQTL peaks (Supplemental Tables II and III) . 22 Because Aasm3 and Mcal3 were both male-specific cQTLs, we also identified significant eQTLs in males for chromosome 18 (Supplemental Table II ). Genes that had an eQTL and were also correlated with the trait (Supplemental Table III) were considered high-priority candidates. This method was used previously to identify the Abcc6 gene on chromosome 7 as the Dyscalc locus. 16 Colocalization of cQTLs for medial disruption and medial Figure 5 . Impact of chromosome 7 genotype on allele effects for medial disruption. On the x axis of each graph is the genotype of the marker nearest the medial disruption QTL peak for each of the 3 medial disruption QTLs. The y axis is the medial disruption score, with mean Ϯ1 SE shown. For each locus, A and D show the allele effects for all mice; G, H, and I show the effect in male mice; B, E, and H show allele effects in mice that are homozygous B6 (BB) on Chr 7 calcification QTL; and C, F, and I show effects in mice that are homozygous C3H (CC) on Chr 7. Kruskal-Wallis test was used to determine the statistical significance of differences in medial disruption scores by genotype.
calcification suggested the hypothesis that the genes underlying Aasm1-3 and Mcal1-3 are the same and that either the same gene acts on both traits or that 1 trait results from the other. Finally, we identified 10 genes that were high-priority candidate genes for both traits (Table 3) , none of which have previously been directly associated with medial disruption or medial calcification.
Because functional mutations could be present that might not affect transcript levels, we also examined each cQTL locus for the presence of previously identified genes associated with medial disruption or medial calcification. One of these genes, 5-lipoxygenase (Alox5) is located within the chromosome 6 locus, and activation of the 5 lipoxygenase pathway has been reported to increase the severity of aneurysms. 23 We tested the hypothesis that a reduction in Alox5 gene expression would result in a decrease in severity of medial disruption by placing the Alox5 Ϫ/Ϫ mutation onto a C57BL/6 ApoE Ϫ/Ϫ background. We did not find a significant difference in severity of medial disruption among wild-type, heterozygous, and Alox5 Ϫ/Ϫ mice ( Figure 6 ).
Several genes known to be involved in arterial calcification segregated with medial calcification cQTLs, including Mothers Against Decapentaplegic 2, 4, and 5 (Smad2, 4, and 5), Osteoglycin (Ogn), and Bone Gamma Carboxyglutamate Proteins 1 and 2 (Bglap1 and 2). 7 Smad2 and 4 colocalized with the chromosome 18 peaks. Ogn and Smad5 colocalized with the chromosome 13 peaks, and Bglap1 and 2 colocalized with the chromosome 3 peak. Another important gene in the calcification pathway, Matrix Gla Protein (Mgp), was located 3 Mb distal to the chromosome 6 medial calcification cQTL. Matrix metalloproteinases have previously been implicated in aneurysm formation because of their role in the degradation of extracellular matrix of artery walls 6, 24 ; however, none of the genes in this family colocalized with any of our Aasm cQTLs, nor was the expression of any of the matrix metalloproteinases or their inhibitors controlled in trans by the QTL loci (data not shown). In a mouse model for Marfan syndrome, medial calcification is an early pathological sign. 3 The causal gene for Marfan Syndrome, Fibrillin-1 (Fbn1), is located on mouse chromosome 2 and does not underlie any of our QTLs. However, Fibrillin-2 (Fbn2), which has a similar calciumbinding epidermal growth factor-like motif, colocalized with Aasm3 and Mcal3. Abnormal bone formation results from mutations of Fbn1 and Fbn2 in mice and humans. 25, 26 
Abcc6 Is the Quantitative Trait Gene for Medial Calcification at the Chromosome 7 Locus
Mcal4 overlapped with a previously mapped cQTL for myocardial dystrophic calcification, Dyscalc1. We recently identified Abcc6 as the causative gene. 16 In that study, we showed that expression of the B6 Abcc6 allele as a transgene on a C3H/HeJ background largely blocked the development of myocardial calcification. 16 To test whether the B6 Abcc6 allele would also reduce aortic medial calcification, we bred the C3H/HeJ Abcc6 transgenic mouse onto the C3H.Apoe Ϫ/Ϫ background and measured myocardial and aortic medial calcification. Expression of the B6 Abcc6 allele almost totally prevented the development of aortic medial calcification in C3H.Apoe Ϫ/Ϫ mice ( Figure 7C and 7D) . To test the hypothesis that a reduction in medial calcification may also reduce Pos indicates position on chromosome; eQTL, expression quantitative trait locus; SNP, single nucleotide polymorphism identification number; r, rho or "r". the incidence or severity of atherosclerotic lesions or medial disruption, we also measured these clinical traits and found no significant effect on aortic lesion size (Supplemental Figure VI) . There was a trend toward decreased medial disruption in the cohort of male mice exposed to Western diet for 18 weeks, but not in other groups (Supplemental Figure  VI) . In this regard, it is interesting that among the F 2 mice, hepatic levels of Abcc6 transcript were correlated with medial disruption scores in males (Pϭ0.04) but not in females (Pϭ0.73).
Discussion
We report here, for the first time, the mapping of genetic loci for medial disruption, leading to aneurysm formation, in the mouse experimental model. The medial disruption loci were distinct from those we previously identified for aortic lesions but colocalized with loci for medial calcification, suggesting a shared pathogenesis with the latter. Notably, chromosome 18 had a very significant male-specific peak for both medial disruption and medial calcification.
The striking colocalization of cQTLs for aortic medial disruption and medial calcification strongly suggests shared genetic determinants of these traits. Calcification in the media first appears at the elastic lamellae, and intense calcification is accompanied by elastic fiber fragmentation, 7,27 the hallmark pathology of aneurysm formation. 5 Several mouse models exhibit concurrent medial calcification and elastin degradation along with aortic dissection, such as the Fbn-1 hypomorph, 3 the osteoprotegerin null (Opg Ϫ/Ϫ ) mouse, 28 and the Mgp Ϫ/Ϫ mouse, 29 which dies from aortic rupture at 2 months of age. Thus, it is not surprising that we find 3 shared cQTLs for medial disruption and medial calcification in the BXH.Apoe Ϫ/Ϫ cross. This concurrence is supported by radiographic studies which reveal that vascular calcification occurs in 75% of human abdominal aneurismal artery walls. 30 Application of a systems genetics approach identified 10 strong gene candidates that may participate in the formation of both traits. These genes resided within the overlapping cQTLs, exhibited cis-regulation of transcript levels (ie, had cis-eQTLs), and had transcript levels that correlated with both medial disruption and medial calcification. Of those 10 genes, 2 are particularly interesting because of their association with calcium: (1) Annexin A4 (Anxa4), a calcium-dependent membrane-binding protein implicated in the regulation of ion conductance, Ca 2ϩ homeostasis, and membrane trafficking 31 and (2) Potassium Channel Calcium-Activated Intermediate/ Small Conductance Subfamily N Member 2 (Kcnn2). 32 It is noteworthy that Kcnn2, which is located under the malespecific chromosome 18 peak, was more highly expressed in males in this cross. Kcnn2 also maps to the human intracranial aneurysm locus 5q22 to 31. 33 Sgtb (small glutamine-rich tetratricopeptide repeat-containing, ␤) transcript levels also correlated with both calcification and medial disruption. This gene had a cis-eQTL that overlapped with the chromosome 13 cQTL and mapped to within 1 Mb of the mouse syntenic region for 5q13 to 14, 19 which is associated with thoracic aortic aneurysm formation in humans. 33 In a yeast 2-hybrid system, Sgtb associated with Fibulin 4, 34 which is causal for aneurysms through perturbation of the Tgf-␤ pathway. 35 One high-priority gene for medial disruption was heparinbinding epidermal growth factor-like growth factor (Hbegf), located under Aasm3 on chromosome 18, and correlated with medial disruptions in all 4 tissues. Hbegf is known to be expressed in several cell types in the vasculature and regulates bone morphogenetic proteins during cardiac valvulogenesis. 36 Other genes implicated in medial disruption included Lysyl oxidase (Lox), which coincided with the chromosome 18 cQTL, and Lysyl oxidase like 3 (Loxl3), which was located under the chromosome 6 cQTL. The 5-lipoxygenase (Alox5) gene was also located under Aasm1. Previous reports found that aortic aneurysms were attenuated in Alox5-null mice. 23 However, we did not see a significant association between the Alox5 genotype and the severity of medial disruption in this study or in previous studies in our laboratory. 10 It is possible that another gene located on the introgressed region surrounding the Alox5 gene on the 129 background is responsible for the development of aneurysms in that mouse model. 37 Overall, the cQTLs did not colocalize with most genes previously established as causal for aneurysm formation in animal models, including Mmp9 or other matrix metalloproteinases.
In humans, linkage studies for familial thoracic aortic aneurysm and dissection have mapped several broad loci, including 3p24 to 25, 5q13 to 14, 11q23.2 to 24.13, 16p12.2 to p13, and 19q13. 38 -40 Our mouse chromosome 13 peak is syntenic with part of the human 5q13 to 14 locus. 19 contains Kcnn2. 19 Causal genes for aortic abdominal aneurysms have been mapped to 19q13, 19q13.3, and 4q31 33 for which there were no syntenic regions in our 3 mouse medial disruption cQTLs.
Aasm3 and Mcal3 on chromosome 18 were specific for males. The concurrence of loci and of sex specificity supports the hypothesis that the causes of medial disruption and medial calcification are related. It is noteworthy that aortic aneurysms are 4 times more common in human males, and the administration of estradiol in male rats, which were more susceptible to aneurysm formation than females, prevented the formation of aneurysms. 41 For each of the pairs of colocalizing cQTLs for medial disruption (Aasm1-3) and medial calcification (Mcal1-3), there are 2 possible explanations for the overlaps. The first is that the shared cQTLs are a purely coincidental phenomenon whereby different genes within each locus contribute to the different traits independently. The second possibility is pleiotropy, where 1 or more genes at each locus are responsible for both traits. Given the results of the pleiotropics effects test, which showed that at all 3 loci, both traits were statistically dependent on one another, we hypothesize that pleiotropy is playing a role and that the same gene or genes at each locus contribute to both traits.
The hypothesis that Aasm1-3 and Mcal1-3 share the same underlying causal genes lends itself to 3 models. In 1 scenario, gene expression in these loci causes medial calcification, which initiates elastin destruction and eventual aneurysm formation. In the second scenario, the loci cause medial disruption, which leads to secondary calcium deposition. In the third scenario, the loci produce an initiating cascade, leading to both pathological responses in parallel. Our data suggest that the first scenario is not likely. One reason is that functional reconstitution by Bacterial Artificial Chromosome (BAC) transgenesis of the normally functioning B6 allele ameliorated the development of medial calcification, but not medial disruption. Furthermore, in this cross, we found only 3 of 332 animals (1%) with medial calcification and no medial disruption. Given that 54% of the animals presented with both traits, if medial calcification actually preceded medial disruption, its occurrence would not have been so dependent on medial disruption. The second scenario, therefore, in which disruption of elastin appears first, is more likely. The finding that medial disruption without calcification was present in 15% of the animals suggests that the earliest event is medial disruption, followed by calcium deposition as a secondary repair response. The third scenario, whereby both clinical traits are produced by genes in the QTL peaks, is also possible. In this scenario, a common pathological event might initiate a cascade that produces both clinical traits in the tunica media. The experimental work referenced earlier suggests a combination of the plausible scenarios may be occurring, and our data provide support for the concept of interaction between these processes.
